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ABSTRACT

NEURAL AND ENDOCRINE MECHANISMS INVOLVED IN
PHYSIOLOGICAL AND BEHAVIORAL RESPONSES OF THE
REPRODUCTIVE SYSTEM TO PHOTOPERIOD IN
FEMALE HAMSTERS (Mesocricetus auratus)

By
Lori Linn Badura

Reproductive responses of hamsters to photoperiod are mediated by a
multisynaptic neural pathway that conveys photic information from the retina to the
pineal gland. Many of the functional and anatomical descriptions of this pathway have
been based upon work conducted with the male hamster. The present series of
experiments sought to expand our current knowledge of this system by investigating
the functional neuroanatomy that mediates behavioral, physiological, and
neuroendocrine responses to photoperiod in females.

Similar to previous reports for males, horizontal knife cuts placed between the
suprachiasmatic (SCN) and paraventricular (PVN) nuclei of the hypothalamus
prevented the effects of inhibitory photoperiods on gonadal physiology. Thus, the
connections between the SCN and the PVN appear to be important for mediating
reproductive responses to photoperiod. However, these connections do not appear to
be necessary for the expression of all photoperiod-dependent reproductive responses.
These knife cuts did not prevent the short-day induced decrease in behavioral sensitivity

to exogenous ovarian steroids.






Pinealectomy abolishes gonadal responses to short days, but does not prevent
the decrease in behavioral sensitivity to estradiol seen when females are maintained in a
nonstimulatory photoperiod. Likewise, administration of the pineal product,
melatonin, alters gonadal, but not behavioral, responses to photoperiod. These
findings suggest that photoperiodic effects on hormonal activation of sexual behavior
are mediated by a neural system distinct from that involved in other reproductive
Tesponses.

Previous reports have indicated that horizontal knife cuts placed just dorsal to
the PVN prevent short-day induced testicular regression in males. However, similar
knife cuts in the present investigation did not abolish gonadal responses to photoperiod
in females. Differential responsiveness to the disruption of a neural mechanism that
modulates the release of follicle-stimulating hormone (FSH) may account for this sex
difference.

Knife cuts that interrupt connections between the SCN and PVN disrupt the
temporal characteristics of FSH secretion. The FSH peak in animals with knife cuts in
short days is advanced with respect to that shown by neurally intact animals in the same
photoperiod. The earlier FSH peak may reflect a disruption of the transfer of photic

and circadian information to the pineal gland.
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INTRODUCTION

species, P ive cycles are d by an

In many
interaction between photoperiod and the organism's endogenous circadian system (see
Elliot & Goldman, 1981, for a review). Responses of the reproductive system to
photoperiod are dependent upon the integration of photic and circadian information by a

neural hanism of which the hi ic nuclei (SCN) of the hypothalamus are

an integral component. The SCN receive photic information via direct retinal input, and

relay this information to the pineal gland through a multisynaptic p: y that includ
connections with other hypothalamic sites. The neural input is ultimately converted by
the pineal gland into an endocrine signal, melatonin, which induces the appropriate
response of the pituitary-gonadal axis to photoperiod.

In male golden hamsters (Mesocricetus auratus), exposure to less than 12.5 hrs of
light per 24-hr day results in testicular regression and cessation of spermatogenesis
(Gaston & Menaker, 1967). Changes in circulating levels of gonadotropins precede
testicular regression (Tamarkin, et al., 1976b), with a decrease in serum levels of
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) occurring within 10
days of transfer from long to short days. Exposure to short days also induces an
increase in sensitivity of the hypothalamic-hypophysial-gonadal axis to the negative
feedback effects of steroid hormones. Low concentrations of testosterone (T) are more
effective in suppressing post-castration levels of LH and FSH in animals exposed to
short days (Tamarkin, et al., 1976a). An increase in the sensitivity of the
hypothalamic-hypophysial axis to the negative feedback effects of T in males is also
seen in animals treated with the pineal product, melatonin (Sisk & Turek, 1982). The
physiological effects of exposure to short days are accompanied by a decline in
copulatory behavior as a result of decreasing levels of T, although a nonstimulatory
photoperiod also appears to reduce the behavioral responsiveness of the animals to T.

Copulatory behavior can be restored in castrated males by T replacement, however,






larger doses of T are required by animals in short days (Campbell, et al., 1978; Morin
& Zucker, 1978).

The hani by which imulatory photoperiods affect the reproductive

system of the female hamster have been less well d d. Females are rendered
anovulatory by exposure to short days, and this process is accompanied by changes in

the release of gonadotropins (Seegal & Gold 1975). Gonadally-intact females

display a proestrus surge of LH and FSH once every 4 days (Albers, et al., 1985; Bast
& Greenwald, 1974), while acyclic animals display a daily afternoon rise in both of
these hormones (Albers, et al., 1985). Females also show a decline in sexual
receptivity that is related to regression of the gonads with prolonged exposure to short
days. Unlike the male, however, photoperiod differences in the ability of steriod
hormones to facilitate sexual behavior have not been reported.

Estrous cyclicity in both the hamster and the rat is a noncircadian event that
nonetheless depends upon the circadian system (Fitzgerald & Zucker, 1976; Swann &
Turek, 1985). The SCN are involved in the generation of circadian rhythms and
interact with multiple neural and neuroendocrine systems to modulate ovulation both in
photoperiodic and nonphotoperiodic species. Lesions of the SCN abolish ovulatory
cycles, as well as circadian rhythms in locomotor activity, feeding, drinking, and pineal
N-acetyltransferase activity (Raisman & Brown-Grant, 1977; Stephan & Zucker, 1972;
Stetson & Watson-Whitmyre, 1976). The estrous cycle of female rats (Nunez &
Casati, 1979) and hamsters (Norman, gt al., 1972) is suspended by retrochiasmatic
knife cuts, but these cuts do not affect behavioral circadian rhythms (Nunez & Casati,
1979). Present knowledge concerning the role of many of these hypothalamic
connections in the photoperiodic control of reproduction is incomplete however. One
group of SCN efferent fibers that has received much attention is that which projects
dorsally to the medial parvocellular region of the paraventricular nucleus (PVN) of the

hypothalamus (Stephan, et al., 1981). In male rats, knife cuts that interrupt these






dorsal efferent projections but leave the SCN undamaged do not disrupt behavioral
circadian rhythms (Brown & Nunez, 1986). Similar dorsal cuts in male hamsters
abolish reproductive responses to photoperiod (Eskes & Rusak, 1985; Inouye &
Turek, 1986; Nunez, et al., 1985) even though the entrainment of behavioral rhythms
to light-dark cycles remains undisturbed (Nunez, gt al., 1985).

A similar reproductive insensitivity to changes in photoperiod is observed after
lesions of the SCN (Rusak & Morin, 1976) or the PVN (Pickard & Turek, 1983). The
PVN send long projections to the spinal cord (Don Carlos & Finkelstein, 1987). These
projections may modulate sympathetic outflow to the pineal gland. Two distinct
bundles of PVN efferent projections to the spinal cord have been described in the rat
(Luiten, et al., 1985): one that takes a dorsal-caudal path (Tract I) and one that exits the
PVN in a lateral direction (Tract IT). In hamsters, however, the path of these efferent
projections has not been fully described.

The neural circuitry involved in photoperiodic modulation of reproduction in
female hamsters is also unclear. Although studies to date have operated under the
assumption that the system is the same in males and females, several findings suggest
there may in fact be sex differences in the neural control of seasonal reproduction.
Lesions of the SCN in males block the testicular regression induced by short days
(Eskes, et al., 1984; Rusak & Morin, 1976; Stetson & Watson-Whitmyre, 1976). In
contrast, lesions of the SCN in female hamsters result in an anovulatory state
characterized by persistent vaginal and behavioral estrus (Stetson & Watson-Whitmyre,
1976). Since the acyclicity that follows lesions of the SCN occurs in females housed in
both long and short days, it is difficult to evaluate effects of the lesions on sensitivity to
photoperiod.

An apparent sex difference also exists in the ability of steroid hormones to restore

sexual behavior in nonstimulatory photoperiods. As stated earlier, castrated male
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hamsters housed in short days require much higher levels of T to reinstate copulatory
behavior than

castrates kept in long days (Campbell, et al., 1978; Morin & Zucker, 1978). A
photoperiod-dependent difference has not been reported for the ovariectomized female
hamster with respect to estrogen (E)/progesterone (P) facilitation of sexual receptivity
(Morin, 1982; Zucker, et al., 1979). However, this failure to find photoperoidic
effects on sensitivity to ovarian hormones might be a function of the steroid
replacement paradigm employed to induce sexual receptivity. Sexual receptivity has
been induced in females housed in long days with estradiol benzoate (EB; Carter, et al.,
1973) or free estradiol (Meisel & Sterner, 1986) alone. A differential sensitivity to E
across photoperiods may exist, and may play an important role in the control of

seasonal ion in females by d ing the likelihood of displays of sexual

behavior during inappropriate seasonal conditions.

Interpretation of anatomical studies concerning the neural mechanisms involved in
the control of seasonal reproduction has been based upon the assumptions that seasonal
and nonseasonal species, as well as males and females, rely upon the same pathways
for transduction of photic information. The comparative functional anatomy of this
system deserves further attention before conclusions can be drawn across species or
gender. The goal of the dissertation work described here was to further investigate the
functional anatomy of the neural system involved in the modulation of reproductive

responses to photoperiod in the female hamster.






EXPERIMENT 1
Knife Cuts Ventral to the PVN and Reproductive

Responses to Photoperiod

Lesions of the PVN and the SCN abolish photoperiod-dependent gonadal
responses to photoperiod in both male and female hamsters (Brown, et al., 1988;
Bartness, et al, 1985; Lehman, et ., 1984; Pickard & Turek, 1983; Stetson & Watson-
‘Whitmyre, 1976). In contrast to SCN lesions, however, PVN damage does not
abolish estrous cyclicity (Bartness, et al., 1985) or circadian rhythms of locomotor
activity (Pickard & Turek, 1983). In male hamsters, horizontal knife cuts that interrupt
the connections between the SCN and the PVN also prevent the gonadal regression that
is induced by exposure to short days (Eskes & Rusak, 1985; Inouye & Turek, 1986;
Nunez, et al., 1985). In the present experiment, female hamsters were given similar
knife cuts and were monitored for potential photoperiod-induced changes in estrous
cyclicity. In addition, the animals were ovariectomized and tested for potential

photoperiod-dependent changes in sensitivity to exogenous ovarian hormones.






Methods

Subjects and Housing

Adult female hamsters (LVG/LAK; Charles River Breeding Laboratory, Newfield,
NJ) weighing 90-100 g were individually housed in plastic cages (24.0 x 18.0 x 13.0
cm) and maintained with food (Wayne: Mouse Breeder Blox) and water available ad lib
under a long-day (16L:8D; lights out at 1800 hr) photoperiod (illumination
approximately 15 ftc.). Adult male hamsters for use as stimuli in the behavioral testing
were group housed in plastic cages (34.0 x 29.5 x 16.5 cm; n=6/cage) in the same
colony room. For all females, vaginal discharges were evaluated daily and used to
monitor estrous cyclicity (Orsini, 1961). Body weight (nearest g) was recorded
weekly. Only females that showed at least three consecutive 4-day estrous cycles prior
to surgery were used in the experiment.
Surgical Procedure

One group of hamsters (n=15) was anesthetized with Equithesin (4.5 ml/kg)
between 0700 and 1300 hr on the day of proestrus and placed in a stereotaxic apparatus
(Kopf Instruments) with the incisor bar 2.0 mm below ear bar zero. A flap of skull (3
mm square) was removed, the superior sagittal sinus retracted, and a Scouten
microknife (Scouten, et al., 1981) lowered through the brain 6.6 mm ventral to the
sinus and 0.3 mm posterior to the bregma to a point aimed midway between the PVN
and the SCN. The wire was then extended 2.0 mm from the barrel and rotated 3600 in
both directions. Another group of females (n=17) received a sham surgical procedure

identical to that of the knife cut group except that the blade was not extended.






All animals were returned to the 16L:8D photoperiod for 1 week and allowed to
recover from surgery. On the morning of proestrus the following week, eight of the
animals with knife cuts and nine of the sham-operated animals were moved to a
nonstimulatory (6L:18D) photoperiod with lights off at 1800 h. All animals remained
in the assigned photoperiods for the duration of the experiment.

Estrous Cyclicity and Ovariectomy

The vaginal discharge of each female was inspected daily until all sham-lesioned
animals in 6L:18D showed discharges characteristic of diestrus for at least two weeks.
Cycling females were then bilaterally ovariectomized (OVX) under Equesthesin
anesthesia on the morning of proestrus; sham-operated anestrous animals were OVX at
random times over the four days. Before OVX, the uteri were exposed, positioned on
a white card next to a metric ruler, and photographed using a Polaroid Land camera
mounted on a copy stand. Uterine width measurements to the nearest 0.1 mm for each
animal were taken from the Polaroid photographs from one uterine horn by two raters
with no information about the animal's reproductive status at the time of OVX. A
correlation of the two raters' scores revealed a high degree of agreement (Pearson's r =
0.96). An average score was used in those cases where measurements differed.
Following OVX, the animals were returned to the respective photoperiods and
permitted to recover for 3 weeks.

Sexual Behavior Testing

Following the 3-week recovery period, all females received daily subcutaneous
injections of 6 ug of estradiol benzoate (EB; Sigma Chemical Co.) in 0.1 ml of sesame
oil for 12 days. A similar dose of EB has been shown to induce lordosis in female and
male hamsters housed under long-day conditions (Carter, et al., 1973). Behavioral
testing was conducted under dim red illumination in 5-min individual sessions after 9
and 11 days of treatment with EB using adult male hamsters (140-160 g) as stimuli.

Testing began at 1800 hr for animals in 16L:8D and at 100 hr for animals in 6L:18D.






These times have been shown to correspond with the onset of activity for each
photoperiod as determined by running wheel records (see Elliot & Goldman, 1981, for
a review), and results from our laboratory indicate that these are optimal times for
behavioral testing under these two photoperiods (Badura, unpublished findings). The
procedure was then repeated on day 12 of EB treatment with all females receiving a
subcutaneous injection of 0.25 mg of progesterone (P; Sigma Chemical Co.) in 0.1 ml
of sesame oil 4 hr prior to testing. On all testing days, latency to show lordosis was
recorded with a hand-held timer. Each test began when the stimulus male was placed in
the female's cage, and was terminated after the onset of lordosis, or after 5 min for
those animals that did not show lordosis behavior. All animals in 6L:18D had been
exposed to short days for 17 weeks at the conclusion of behavioral testing.
Histology

Two animals in 6L:18D and one animal in 16L:8D died before the beginning of
behavioral observations. The brains from these animals were removed and immersion-
fixed in a 30% sucrose-10% formalin solution and stored at 4 o C for 2 weeks prior to
frozen sectioning. After behavioral testing was completed, all remaining animals with
knife cuts were sacrificed via anesthetic overdose and perfused transcardially with
0.9% saline followed by 10% formalin. The brains were removed and stored in a 30%
sucrose-10% formalin solution at 4 0 C for at least 1 week. Frozen sections at 40 pm
were mounted on slides and counterstained with cresylecht violet for microscopic
evaluation.
Statistics

Initial between group comparisions for both the percentage of animals showing
estrous cycles at the end of the 10 weeks, and the percentage of animals showing
lordosis under each hormone treatment, were made using X2 analyses. Follow-up
tests of selected comparisons were made using Fisher's exact probability tests.

Between group comparisons for body weight and uterine width data were made using






two-way analyses of variance (ANOVA; photoperiod x surgical condition), followed
by a series of modified t-tests (Winer, 1962, p.208).
Results

Placement of Knife Cuts

Placement of the knife cuts was determined by an investigator unaware of the
group assignment or reproductive status of each animal. The glial scar resulting from a
representative knife cut is shown in Figure 1. In all except seven cases, knife cuts in
animals in both 6L:18D (n=8) and 16L:8D (n=6) photoperiods were bilateral and
confined to an area dorsal to the SCN and ventral to or through the PVN. One animal
in 6L:18D had a unilateral knife cut with a contralateral mechanical lesion of the PVN.
This animal continued cycling and was included in all of the analyses. One animal from
each photoperiod group sustained unilateral damage through or ventral to the PVN.
Four animals from 6L:18D possessed knife cuts located just dorsal to the PVN, and
these cuts did not prevent short-day-induced acyclicity or uterine regression. These six
animals were not included in the analyses. Figure 2 depicts schematically the locations
of the cuts for the remaining animals in 16L:8D and 6L:18D.
Cyclicity

All groups of females continued to show 4-day estrous cycles during the 1-week

postoperative recovery period in 16L:8D. The animals with bilateral knife cuts ventral
to or through the PVN that were transferred to 6L:18D continued to show regular
estrous cycles for the next 10 weeks. Animals with similar knife cuts and sham-
operated animals that remained in 16L:8D also continued to cycle, except for one
female with a knife cut (No. 12) that ceased cycling after 4 weeks and showed
discharges characteristic of diestrus throughout the rest of the experiment. In contrast,
the majority of sham-operated control animals in 6L:18D became acyclic after 8 weeks
and none showed estrous cycles after 10 weeks. An analysis of the percentage of

cycling animals at the end of the 10 weeks revealed an overall significant difference
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Figure 1. Photomicrograph of a coronal section (40um thick, cresylecht violet stain)

through the hypothalamus of a hamster (No. 1) in which the knife cut (indicated by

arrows) produced bilateral damage just ventral to the PVN.
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Figure 2. Schematic representation of knife cuts that produced bilateral damage to the
hypothalamus for animals in 16L:8D and 6L:18D photoperiods. The cuts (dashed
lines) are shown at the point of greatest bilateral damage for each case using drawings
(a-c) modified from those published by Lehman, et al. (1984). The individual cases are
identified by numbers (No. 1,7, and 15 died before sexual behavior testing). One
animal from the 6L:18D group (not shown) had a unilateral knife cut combined with a

contralateral mechanical lesion of the PVN. OC=optic chiasm, OT=optic tract.
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across groups (X2 =27.22, p < 0.001; Figure 3). Follow-up analyses indicated that
the percentage of animals cycling in the knife cut groups in both the 16L:8D and
6L.:18D photoperiods, and of sham-operated animals in 16L:8D differed from the
sham-operated animals in 6L:18D (p = 0.002, p=0.004, and p=0.004, respectively).
Body Weight and Uterine Width

Body weights did not differ significantly across photoperiod group or surgical
condition ‘before OVX, nor was body weight significantly affected following EB
treatment for 11 days (Table 1). A comparision of uterine width measurements across
groups revealed a significant interaction of photoperiod and surgical condition (F (1,23)
=5.95, p < 0.05; Table 1). There were also significant main effects for both
photoperiod (E (1,23) = 19.68, p < 0.001) and surgical condition (E (1,23)= 39.06, p
<0.001). Follow-up analyses found significant differences in uterine width between
sham-operated animals in 6L:18D and all other groups as follows: animals with knife
cuts in 6L:18D (t (23) = 6.26, p 0.001), animals with knife cuts in 16L:8D (t (23) =
7.38, p < 0.001), and sham-operated animals in 16L:8D (t (23) = 5.43, p < 0.001).
Thus, acyclic animals in 6L:18D had significantly smaller uterine widths than any of the

other groups.
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Figure 3. Percentage of animals with knife cuts (KC) or sham surgery (S) showing
normal estrous cycles in each photoperiod for each week (16L:8D KC, n=6; 16L:8D S,
n=8; 6L:18D KC, n=7; 6L:18D S, n=9). The 6L:18D S group was significantly
different from all other groups (p < 0.0002 for all comparisons).
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Table 1

Mean (+ SEM) body weight before (pre-EB) and after 11 days

of EB treatment (post-EB) and uterine width at the time of

ovariectomy for each treatment group in Experiment 1.

Body Weight (g) Uterine
Group n pre-EB post-Eb width (mm)
16L:8D KC 5 1622 +52 1576 +54 3.8 +0.08
16L:8DS 7 1573 +29 1579+28 3.2+0.04
6L:18DKC 5 1494 +42 1408+39 35+0.11
6L:18D S 7 156.7 +2.0 1557 +22

KC = knife cuts; S = sham surgery

2.1+005a

a Significantly different from all other groups (p < 0.001 for all

comparisons
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xual Behavior

Within all groups, the percentage of animals showing lordosis after 9 or 11 days
of EB treatment was not significantly different (X2, p > 0.05); thus, data from these
two testing days were collapsed for the analyses.

Collapsing across surgical condition, there was a significant overall effect of
photoperiod on the percentage of animals responding to EB treatment alone (X2 =
5.06, p < 0.05; see Table 2). A greater percentage of animals in 16L:8D responded to
EB stimulation. When P was administered, however, the effect of photoperiod was not
present (X2=0.89, p > 0.05). The difference in sensitivity to EB in the facilitation of
sexual behavior was independent of surgical condition. None of the animals with knife
cuts that had been cycling in 6L:18D (n=5) responded to the EB treatment alone. For
those animals responding to hormone treatment, latency to show lordosis was not

significantly different across groups.







Table 2
Percentage of animals in each photoperiod showing lordosis

in response to EB and to EB + P treatment in Experiment 1

Hormone Treatment
Group n 9and 11 daysEB a 12 days EB + P
16L:8SDKC 5 40 100
16L:8D S 7 57 100
6L:18DKC 5 0 100
6L:18DS 7 14 86

a Significant effect of photoperiod for percentage of animals
responding to EB alone (p < 0.001). The percentages are
based on the number of animals that responded in at least one
of the two tests.
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Discussion

The present findings support the current model describing hypothalamic pathways
involved in the photoperiodic regulation of reproductive responses (Tamarkin, et al.,
1985). As in males, horizontal knife cuts placed dorsal to the SCN and ventral to or
through the PVN abolish photoperiod-dependent gonadal responses in female
hamsters. Animals with these knife cuts continue to show regular 4-day estrous cycles
under short day conditions, suggesting that dorsal projections from the SCN to the area
of the PVN are an important component of the neural mechanism modulating pineal
responses to photoperiod, but are not necessary for the display of estrous cycles. The
effectiveness of knife cuts between the SCN and the PVN in blocking gonadal
responses to photoperiod is most likely due to a disruption of SCN projections to PVN
neurons, and not SCN projections traveling through the PVN to terminate in more
dorsal sites. Chemical lesions that destroy PVN neurons, but presumably leave fibers
of passage intact, also inhibit gonadal regression in male hamsters maintained under
short day conditions (Brown, et al., 1988).

Knife cuts placed between the SCN and the PVN also prevented the effects of
exposure to short days on uterine size. Light deprivation induces uterine regression in
neurally intact female hamsters, and removal of the pineal gland abolishes this response
(Reiter, 1968). The ability of knife cuts to prevent uterine regression under short-day
conditions further supports the importance of SCN-PVN connections in the neural
control of the pineal gland. In the rat, the SCN sends a massive projection to the sub-
PVN area (Watts & Swanson, 1984). It is not known if such a projection exists in the
hamster. The sub-PVN area does receive a direct projection from the retina
(Youngstrom, et al., 1987; Pickard, 1982) which may be involved in the photoperiodic

control of pineal function.
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Castrated male hamsters exposed to short days are less sensitive to exogenous T
for inducing copulatory behavior than castrated males exposed to long days (Campbell,
et al., 1978; Morin & Zucker, 1978). A similar effect of photoperiod on sensitivity to
E and P in the facilitation of female sexual behavior has not been previously reported
(Morin, 1985; Zucker, et al., 1980). The observations of sexual behavior in this study
indicate that OVX females in short days are less sensitive to the activational effects of
EB alone in inducing sexual receptivity. This effect of photoperiod is present even
though the animals may already be experiencing the onset of neuroendocrine changes
that accompany gonadal recrudescence after prolonged exposure to short days.
Differences across photoperiod are not present when P is administered in conjunction
with EB. This finding suggests that past failures to observe the effects of photoperiod
on the steroid facilitation of female sexual behavior (Morin, 1985; Zucker, et al., 1980)
may be due to a masking effect of P.

The mechanism modulating the photoperiodic control of the activational effects of
E is not known. However, results from experiments with male hamsters suggest that
photoperiod-induced differences in behavioral sensitivity do not involve changes in the
concentration of neural E receptors (Callard, et al., 1986). However, it should be
noted that these neural E receptors were measured only in whole tissue blocks from
limbic and hypothalamic regions. Since this technique only detects the sum total of
receptors within the tissue block, photoperiod-induced increases or decreases may have
occurred in discrete nuclei and been obscured in comparison with changes in the rest of
the block.

In the present study, knife cuts that block the gonadal responses to photoperiod,
presumably by disrupting a pathway that provides photic and/or circadian information
to the pineal gland, did not affect photoperiod-induced changes in the activational
effects of EB on sexual behavior. While cuts ventral to the PVN should have

interrupted direct SCN input to the PVN, they probably left SCN connections with






19

other hypothalamic sites intact. These sites may in turn transfer photic information to
the pineal gland thereby inducing changes in pineal function. The expression of estrous
cyclicity and sexual behavior may be sensitive to different parameters of pineal
function. In Siberian hamsters, short-day induced pelage changes and testicular
regression appear to be sensitive to different critical photoperiods (Duncan, et al.,
1985). However, the possibility also exists that the neural mechanism responsible for

the photoperiodic modulation of E-sensitivity may be independent of the pineal gland.
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EXPERIMENT 2a
Photoperiod-dependent Changes in Behavioral

Sensitivity to Ovarian Hormones

In Experiment 1, several potential confounds may have contributed to the finding
of differential sensitivity to EB in the facilitation of sexual behavior across photoperiod.
For instance, all of the stimulus males were housed in a long-day colony room with the
time of lights out coincident with the time of testing for the long-day females, but 6 hr
before the time of testing for the short-day females. These times represent different
portions of the active phase of the circadian locomotor rhythm in the males, as defined
by the time of activity onset for this long-day photoperiod. Thus, the circadian time at
which the males were used as stimuli for each group differed, and potential differences
in the levels of activity in the males may have promoted differential responding in the
females. Similarly, the females in both photoperiod groups received the EB injections at
the same clock time, but different circadian time, and the single injected dose of EB
used made it difficult to draw more general conclusions concerning the sensitivity of
animals in long and short days. Recently, Meisel & Sterner (1986) have induced
lordosis in OVX female hamsters using subcutaneous implants of free estradiol (E).
Thus, an experiment using silastic implants was designed in an effort to gain control
over some of the confounding factors discussed above. In addition, aggressive
behavior was monitored in each testing session to evaluate the possible photoperiodic

modulation of hormonal effects on this social behavior as well.
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Animals and Housing

Adult male and female hamsters (LVG/LAK) weighing 90-100 g were obtained
from Charles River Breeding Laboratory (Newfield, NJ). All females were
individually housed in plastic cages (24.0 x 18.0 x 13.0 cm) with food and water
available ad lib. The females were kept under either long.(16L:8D; n = 8) or short
(6L:18D; n=11) photoperiods for three weeks to allow adaptation to the laboratory
conditions. Light intensity was similar for each photoperiod (approximately 15 ft-c.).
Stimulus males were group-housed in plastic cages (34.0 x 29.5 x 16.5 cm; n=6/cage).
The males were kept in long days (16L:8D) in two different colony rooms with the time
of lights out coincident with the time of testing for the two groups of females.
Procedure

Body weights were recorded for each female weekly throughout the experiment.
After the adaptation period, the females were bilaterally OVX under Equithesin
anesthesia (4.5 ml/kg) and permitted to recover for 4 weeks. One week before testing,
these animals received a 10 mm silastic capsule (3.175 mm o.d.; 1.575 mm i.d.)
containing a crystalline mixture of 25% E (Sigma Chemical Co.) diluted with
cholesterol. The capsules, without previous incubation, were implanted
subcutaneously under Metofane (methoxyflurane; Pittman-Moore Co.) anesthesia.
This dose of E has been shown to induce lordosis in 50-60% of animals housed in long
days (Meisel & Sterner, 1986). The females were then tested for sexual behavior in
their home cages with randomly chosen sexually active stimulus males (140-160 g at
the time of testing) under dim red illumination. Each test started when the male was
placed in the female's cage. The latency to show lordosis or aggressive behavior was
recorded to the nearest second for each female using a hand-held timer. An aggressive

display was defined as a biting attack initiated by either the male or the female (see
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Floody & Pfaff, 1977, for a review). Tests were terminated immediately after the onset
of lordosis or aggression, or after 5 min for animals that did not display either
behavior.

In previous 5-min tests (Badura, unpublished observations), biting attacks were never
followed by the display of lordosis.

Females in long days were tested shortly after lights out, whereas animals in short
days were tested approximately 6 hr after lights out. After the tests, the capsules were
removed and approximately two weeks allowed for clearance of E from the animal's
systems. The procedure was then repeated but this time the females received capsules
containing a mixture of 50% E diluted with cholesterol. One week after implantation,
behavioral testing was conducted as described above. The following day, all animals
received a subcutaneous injection of 0.25 mg of P in 0.1 ml of sesame oil 4 hr prior to
pairing with a stimulus male, and the testing procedure was repeated.

Statistics

Comparisons based on percentage of animals responding employed nonparametric
statistics; the Fisher's exact probability test was used for between-group comparisons,
and within-group comparisons were evaluated using the McNemar test. The data on
latency to respond and body weights were analyzed using the Student's t-test.
Differences were considered significant when p < 0.05 (two tails).

Results

Figure 4 shows the percentage of animals from each photoperiod that showed
lordosis while receiving each of the three hormone treatments. In both photoperiods,
all females that showed lordosis in response to the hormone treatments did so prior to
mounting by the male. A higher percentage of females responded to the low (25%)
dose of E in long days that in short days (p = 0.05). A similar trend was observed
when the 50% E dose was employed, but this effect of photoperiod failed to reach

statistical significance (p = 0.10). No effects of photoperiod on this measure were seen
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Figure 4. Percentage of animals in 16L:8D and 6L:18D responding with lordosis
behavior to each dose of E and to E and P. *Significantly different from the 16L:8D
group at the 25% E dose p = 0.05). **Significantly different from the two E doses
within the 6L:18D group (p < 0.025 for both comparisons).
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when the animals received E and P (p = 0.43). In long days, the percentage of animals
showing lordosis did not differ significantly across hormone treatments (p > 0.15 for
all comparisons). However, for the short-day group, both doses of E were
significantly less effective in the facilitation of lordosis than the E and P treatment (p <
0.025 for both comparisons). For the animals responding, comparisons of latencies to
show lordosis when treated with either dose of E or with E and P did not reveal
significant differences across photoperiods or within groups (p > 0.1 for all
comparisons; see Table 3).

All displays of aggression (i.e., biting attacks) were initiated by the female and
occurred prior to attempts to mount by the male. While receiving the 25% E dose, the
percentage of females showing aggressive behavior was significantly higher for the
short-day group (73%) than for the long-day group (25%; p = 0.05; see Figure 5).
This significant effect of photoperiod was not evident during the other two hormone
treatments (p > 0.16 for both comparisions). In long days, the number of animals
showing aggression was not differentially affected by hormone treatment (p > 0.15 for
all comparisions); however, in short days, significantly more animals showed
aggressive behavior when treated with either dose of E alone than when receiving E and
P (p < 0.05 for both comparisons). The comparison of the two doses of E did not
reach statistical significance (p > 0.1). Meaningful statistical comparisons of latencies
to show lordosis or aggression were not possible due to the small number of animals
showing these behaviors under many of the treatment conditions (see Table 3).
Photoperiod and hormone treatments did not have significant effects on body weight (p

> 0.1 for all comparisons; see Table 4).
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Table 3

Mean (+ SEM) latencies (sec) to show lordosis or
aggression and number (n) of animals in each photoperiod
responding for each hormone treatment in Experiment 2a

Hormone Treatment
Photoperiod 25%E 50% E 50%E + P
Lordosis
16L:8D 67.8 +29.03 62+119 17.7 £ 45
n= 6 [3 6
6L:18D 58.6 +£40.3 262+ 6.7 31.6 £ 7.4
n= 3 3 11
Aggression

16L:8D 1625 +11.5  155.0 £ 0.0 42.0 + 0.0
n= 2 1 1

6L:18D 14582721 740 +35.4
n= 8 5 0
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Figure 5. Percentage of animals in 16L:8D and 6L:18D responding with aggressive
behavior to each dose of E and to E and P. *Significantly different from the 16L:8D
group at the 25% E dose (p = 0.05). **Significantly different from the two E doses
within the 6L:18D group (p < 0.05 for both comparisons).
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Table 4.

Mean (+ SEM) body weights (g) at the time of ovariectomy
(initial), capsule implantation (pre-E), and after one week
of treatment with two doses of estradiol (E) for animals
in each photoperiod in Experiment 2a

Photoperiod n Initial Pre-E 25% E 50% E

16L:8D 8a 105.1+1.8 1166 +45 117.1+43 1224 +53
6L:18D 11 101.1£17 121.4+39 1255+4.8 1392+82

a One animal died before the second capsule was implanted
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i ion
‘When exposed to a nonstimulatory photoperiod, ovariectomized hamsters showed
a reduced sensitivity to the activational effects of E on lordosis behavior. The effects of

photoperiod on body weight reported by others (Bartness & Wade, 1984) were not

evident in this experiment, therefore, the di in behavi ported here were not
due to differences in the amount of hormone administered per gram of body weight.
The behavioral effects of photoperiod seen in females parallels the short-day induced
hyposensitivity to testosterone (T) previously observed in castrated male hamsters
tested for copulatory behavior (Campbell, et al., 1978; Morin & Zucker, 1978).
Aromatization of T to E has been implicated in the hormonal facilitation of male hamster
sexual behavior (DeBold & Clemens, 1978; Lisk & Begier, 1980). Thus, a reduced
behavioral sensitivity to E may also be present in male hamsters kept in short days.
However, if this effect of photoperiod exists in the male, it is not associated with a
significant reduction in neural E receptors (Callard, et al., 1986).

Previous work has shown that ovariectomized hamsters are less aggressive after E
treatment when tested using males as stimuli (Ciaccio, et al., 1979; Payne & Swanson,
1971). Since our experimental procedure made aggression and lordosis incompatible
responses, it is possible that photoperiod affected E-induced sexual receptivity by
altering the suppressive effects of E on female aggressive behavior.

Interactions between photoperiod and E effects have also been seen in experiments
on the circadian activity patterns of female hamsters (Widmaier & Campbell, 1980).
Interestingly, the observed effects of long photoperiods on the behavioral actions of E
are not always facilitative. Whereas E activation of lordosis (present data) and wheel
running (Widmaier & Campbell, 1980) is enhanced by long photoperiods, some effects

of E on the temporal distribution of activity are seen only when the animals are kept in
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short days (Widmaier & Campbell, 1980). The mechanisms responsible for the
photoperiodic modulation of steroid effects on behavior are not known; and may be
independent of the pineal gland (see Experiment 1). Experiments with pinealectomized
animals are needed to determine if behavioral and physiological effects of photoperiod
share a common mechanism.

Past failures to detect photoperiodic effects on E and P facilitation of lordosis
(Morin, 1985; Zucker, et al., 1980) may be due to the masking effects of the relatively
large doses of P used. In the present experiment, a single large dose of P completely
abolished the group differences seen when E alone was administered. It is possible that
photoperiodic influences on behavioral sensitivity to E and P treatment would be
revealed by the use of low doses of both hormones. Changes in behavioral sensitivity
to steroids may contribute to the termination of sexual behavior induced by short

photoperiod in both male and female hamsters.






EXPERIMENT 2b
Behavioral Sensitivity to Ovarain Hormones:

Role of the Pineal Gland

In Experiment 2a, the short- day induced decrease in sensitivity to the stimulatory
effects of E on sexual behavior was not present after administration of P. However,
the dose of P employed was probably supraphysiological. In an intact female exposed
to short days, daily diurnal rises in P levels precede the onset of vaginal acyclicity.
These surges of P are maintained throughout the period of anestrous together with low
baseline levels of E (Bridges & Goldman, 1975; Jorgenson & Schwartz, 1985), yet
these animals do not display sexual behavior. One way in which elevated levels of P in
an intact anestrus female may be incapable of inducing sexual receptivity may be related
to the photoperiod-induced decrease in sensitivity to E. Estrogen induces the
production of progestin receptors in the brain (Clark, et al., 1982). Since sensitivity to
E decreases in short days, there could be a reduction in the number of E-induced
progestin receptors, and hence, a reduction in the sensitivity to P.

Another potential explanation for the inability of endogenous P in anestrus
hamsters to facilitate receptive behavior may be the possible down-regulation of
progestin receptors by P itself. Female hamsters (DeBold, et al., 1976), rats (Gilchrist
& Blaustein, 1984), and guinea pigs (Wallen, et al., 1975) that have been rendered
sexually receptive by sequential administration of E followed by P usually do not show
a further facilitation by a second dose of P. In the guinea pig, this hyposensitivity is
accompanied by a reduction of progestin receptors that can only be overcome by a very
large dose of P (Blaustein, 1982).

Either of these potential mechanisms could produce a hyposensitivity to P in

anestrus animals. Photoperiod-induced differences in P sensitivity have not been
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reported; however, differences may be detected when lower doses of P are
administered.

Removal of the pineal gland abolishes short-photoperiod induced declines in
fertility (Reiter, 1973/74). However, in Experiment 1, knife cuts ventral to the PVN
blocked gonadal responses to photoperiod, presumably by disrupting a pathway that
provides photic and/or circadian information to the pineal gland, but did not affect
photoperiod-induced changes in the activational effects of E on sexual behavior. This
finding suggests that the effects of photoperiod on behavioral sensitivity to E are not
mediated by the pineal gland. Although both SCN and PVN lesions abolish circadian
rhythms in pineal melatonin synthesis (Klein & Moore, 1979; Klein, et al., 1983), the
effects of cuts ventral to the PVN on pineal gland functions have not been directly
determined. Thus, some effects of photoperiod on the pineal gland may survive cuts
that damage SCN-PVN connections. Gonadal and behavioral responses to photoperiod
may depend upon different parameters of pineal activity, such as phase relationships
between light-dark cycles and melatonin secretion, or amplitude and duration of the
melatonin pulse.

In the present study, female hamsters were pinealectomized and OVX and
compared with controls in both long and short days in order to determine if
photoperiod-induced changes in behavioral sensitivity to E are modulated by the pineal
gland. In addition, these animals received varying doses of P in conjunction with
constant but low levels of E to test for effects of photoperiod on behavioral sensitivity

to P.






Methods
Animals and Housing

Adult female hamsters (LVG/LAK) weighing 110-120 g were maintained under
conditions identical to those described in Experiment 1. Only females that showed at
least three consecutive 4-day estrous cycles were used in the experiment. Body
weights (nearest g) were recorded before each surgery and at the end of the experiment.
Pinealectomies

One group of hamsters (n=21) was anesthetized with Equithesin (4.0 ml/kg)
between 0700 and 1300 hr on the day of proestrus and placed in a stereotaxic apparatus
(Kopf Instruments). A circular flap of skull (4 mm diameter) with lambda as the
midpoint was removed, the superior sagittal sinus reflected, and the pineal body
removed from between the cerebral hemispheres with microforceps. Another group of
females (n=15) received a sham surgical procedure identical to that of the pinealectomy
group except that the pineal gland was not removed. A third group (n=18) was
unoperated.

Following surgery, the pinealectomized (PNX) animals and approximately half of
the animals in the two control groups (sham-operated, n=7; unoperated, n=11) were
transferred to a short-day (6L:18D, lights out at 1800 hr) photoperiod. The remaining
control animals were left in the original long-day photoperiod. All animals remained in
the assigned photoperiods for the duration of the experiment.

Estrous Cyclicity and Ovariectom

As a bioassay for successful pinealectomies, the vaginal discharge of each female
was inspected daily until all control animals in 6L:18D failed to show estrous cycles for
at least two weeks. Only those females in the PNX group that continued to show
regular 4-day estrous cycles (n=18, 86%) were used in the behavioral testing.

Following the tenth week of data collection on cyclicity, all animals were bilaterally
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OVX under Equithesin anesthesia, returned to the respective photoperiods, and allowed
to recover for 2 weeks.
Sexual Behavior Testing

Following the recovery period, all animals received a 10 mm silastic capsule
(DowCorning; 3.175 mm o0.d., 1.575 mm i.d.) containing a crystalline mixture of 25%

E diluted with choll 1. The les were implanted sut ly under

Metofane (methoxyflurane; Pittman-Moore Co.) anesthesia. This dose of E has been
shown to induce lordosis in approximately 70% of pineal-intact animals maintained in
long days, but only in 25% of animals kept in short days (see Experiment 2a). The
females were then tested according to the procedure described in Experiment 2a. All
attacks were initiated by the females and in every case, the display of lordosis preceded
mounting attempts by the males.

The animals were tested after 3 (Ex3) and 7 (Ex7) days of E treatment. On the
eighth day of treatment, all animals received a subcutaneous injection of 250 pg of P in
oil 4 hr prior to testing (Ex8 + 250 P). On the following day, the capsules were
removed and one week allowed for clearance of E from the animals' systems. The
females were then reimplanted for 3 days and received a subcutaneous injection of 10
pg of P 4 hr prior to testing (Ex3 + 10 P). The capsules were removed the following
day and reimplanted one week later. All animals were then injected with 20 pug of P 4
hrs prior to testing after 3 (Ex3 + 20 P) and 7 (Ex7 + 20 P) days of exposure to the E
implants.

Statistics

Initial between-group comparisons for the percentage of animals responding under
each hormone treatment were made using X2 analyses. Follow-up tests of selected
comparisons were made using Fisher's exact probability tests. For all conditions and

for both behavioral measures, latency scores were computed only for animals that






34

responded during the 5-min. tests. Latency and body weight data were evaluated using
one-way analyses of variance (ANOVA), followed by Dunnett t tests.
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